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SECTION  I 
INTRODUCTION 

The  variability  of  r  ts t  aluminum  mechanical  properties  has  partly 
■reverted  designers  from  usina  aluminum  castings  in  t'racture  critical 
structural  <>ppl ic.'t ions.  Recently,  however,  premium  quality  aluminum 
cast 'inn  technology  has  matured  to  the  point  where  variability  has 
decreased  considerably  ano  sound  cast  parts  can  he  reproduced  with 
Guaranteed  tensile  properties.  Although  low  variability  of  casting 
tensile  properties  has  been  demonstrated,  the  variability  of  damage 
tolerant  properties  stn  h  as  fatigue  crack  growth  rate  ^FCGR)  or  fracture 
toughness  has  not  teen  determined. 

this  report  details  a  program  conducted  to  evaluate  the  variability 
u h  FCGR  properties  by  focusing  on  fatigue  crack  growth  (FCG)  life  of  a 
commonly  used  structural  aluminum  casting  alloy  (A357  in  the  Tc 
condition). 


SELT  I ON  II 
BACKGROUND 


Over  the  pa  it  several  years ,  premium  quality  aluminum  casting 
technology  has  attracted  considerable  attention  in  the  aerospace  struc¬ 
tures  community.  This  interest  was  stimulated  primarily  by  the  tremen¬ 
dous  cost  savings  which  castings  offer  as  compared  to  structures  com¬ 
posed  of  mechanically  fastened  wrought  products.1  ^  While  premium 
quality  casting  technology  developed,  the  application  of  fracture 
mechanics  iri  airframe  design  also  increased.  Although  premium  quality 
castings  have  respectable  mechanical  properties,  they  were,  for  the  most 
part,  relegated  to  non-fracture  critical  structures.  This  was  due  to  a 
variety  of  reasons  such  as  unfavorable  experiences  with  non-premium 

quality  castings;  substantial  weight  penalties  (due  to  heavier  cros1'- 
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sections  and  conservative  factors  of  safety);  and  inferior  properties.' 
Many  ot  these  reasons  were  well-founded,  but  it  is  believed  that  premium 
quality  aluminum  castings  can  be  applied  in  fracture  critical  applica¬ 
tions  once  several  major  issues  are  satisfactori ly  resolved. 

One  of  these  issues  involves  the  variability  of  premium  qualify 
casting  properties  especially  fatigue,  fatigue  crack  growth  and  fracture 
toughness.  W'th  current  premium  quality  casting  technology,  tensile 
properties  ! ultimate  and  yield  strengths  and  percent  elongations)  can  be 
controlled,  reproduced,  predicted  and  guaranteed  in  designated  areas  of 
the  castings  with  minimal  variability.  Although  this  is  true  with 
r.ns'io  propi  rfies ,  this  has  not  been  proven  for  fatigue,  fatigue  mack 
orowrh  or  fracture  toughness.  'his  stems  Iron:  the  fact  that  (1)  there 
was  little  need  lor  this  data  ("they  were. ..  re  leg.)  ted  to  non-fra..ture 
■  lit  leal  structure:,"!  ard  therefore,  (2)  few  oata  were  generated.  With 
this  in  mind,  a  prouram  was  designed  to  evaluate  the  variability  c+ 
t..t ’cue  crack  growth  life  c. f  premium  quality  aluminum  castings. 


Some  earlier  studies  addressed  the  variability  of  FCG  life  and 
FCGR.  Shaw  and  Lemay  determined,  using  different  tempers  of  AISI  4140, 
that  the  coefficient  of  variation  (standard  deviation/mean)  of  FCGR  at  a 
fixed  range  of  stress  intensity  factor  (delta  K)  was  approximately  equal 
to  the  variation  of  FCG  life.** 

For  wrought  aluminum,  Kerens  et.  al.  demonstrated  that  the  co¬ 
efficient  of  variation  for  FCG  life  distributions  of  an  aluminum  alloy 
(2024-T3)  ranged  from  7.0  to  8.7  percent. ^  The  experimental  data  used 
were  generated  by  Virkler  et.  al.  in  an  earlier  study  which  involved 

evaluating  FCG  and  FCGR  data  from  sixty-eight  center  cracked  panels 

8 

tested  under  identical  conditions.  Berens  also  calculated  coefficients 
o4  variation  for  ether  alloy  systems:  for  a  10Ni-8Co-lMo  steel  the 
coefficient  of  variation  of  life  was  6%,  while  for  IN-718  the  coef¬ 
ficient  of  variation  of  life  was  6.67.  at  1000°F  and  9%  at  940°F.'' 
Again,  the  emphasis  was  placed  on  wrought  products  and  not  cast, 
products. 

The  mair.  purpose  of  this  program  is  to  compare  the  variability  of 
FCG  life  distributions  for  premium  quality  aluminum  castings  to  that  of 
wrought  aluminum  alloys. 


SECTION  III 

EXPERIMENTAL  PROCEDURES 
A.  Material  Selection 


Aluminum  casting  alloy  A357  was  selected  in  this  study  for  several 
reasons.  First,  A357  is  one  of  the  most  commonly  used  cast  alloys  in 
aerospace  applications  due  to  its  excellent  castability  and  moderate 
mechanical  properties.  Second,  although  A357's  static  properties 
(ultimate,  yield,  and  ductility)  have  been  well  documented,  little  has 
been  done  to  relate  damage  tolerant  properties  (FCG,  FCGR,  K^,  etc.)  to 
microstructural  features.  Third,  the  material  was  readily  available; 
several  fully  characterized  bulkhead  sections  from  the  CAST  Program10 
were  still  in  storage. 

The  material  used  in  this  program  was  excised  from  a  bulkhead  shown 
in  Figure  1.  Specimens  were  selected  from  regions  with  microstructures 
containing  small,  medium,  and  large  dendrite  arm  spacing;  hence,  the 
test  specimens  were  identified  with  the  nomenclature  S,  M,  L. 

The  bulkhead  was  heat  treated  to  the  T6  condition  as  follows:  (1) 
solution  heat  treat  at  1010°F  for  24  hours,  (2)  H^O  quench  at  160°F  with 
a  nine  second  quench  delay,  (3)  natural  age  at  room  temperature  for  24 
hours,  and  (4)  artificially  age  at  325°F  for  eight  hours. 

A  sample  of  the  bulkhead  was  sectioned  to  confirm  the  chemical 
composition.  The  composition  was  within  specification  except  for  the 
slightly  high  magnesium  content  as  shown  in  Table  I. 


I 


Image  analysis  was  performed  on  the  machined  compact  tension 
specimens.  Dendrite  Cell  Size  (DCS),  silicon  particle  aspect  ratio, 
porosity  measurements  and  ductility  predictions  were  performed  on  each 
side  of  the  specimens11.  In  addition,  Dendrite  Arm  Spacing  (DAS) 


measurements  were  also  made 
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(Table  IT) 
4 


^SLANTED  BEAM 


Figure  1.  Sketch  of  bulkhead  from  which  compact  tension  test 
specimens  were  excised. 


TABLF.  T:  Chemical  Analysis  by  Weight  Percent 


Flement 

Bulkhead 

MTL-A-21 180C  Specification 

Silicon 

6.03 

6. 5-7. 5 

Magnesium 

0.7? 

0.40-0.7 

Manganese 

0.01 

0.10  max . 

Iron 

0.13 

0.20  max. 

Copper 

0.01 

0.20  max. 

Zinc 

0.01 

0.10  max . 

Titanium 

0.  12 

0. 10-0.20 

Chromium 

0.01 

— 

Beryl 1 ium 

0.042 

0.04-0.07 

Others,  each 

0.O5 

0.05  max. 

Others,  total 

0. 15 

0.15  mar . 

Aluminum 

Bal ance 

Balance 

B.  fatigue  Test  Specimen  Configuration 

The  Compact  Tension  (CT)  fatigue  specimen  configuration  shown  in 
figure  ?(a)  was  used  in  this  study.  Nine  specimens  were  machined  to  the 
following  dimensions:  B  =  0.120  *  0.002  in,  and  W  =  2.000  ±  0.001  in. 
Once  measured  on  a  toolmakers  scope,  a  Fractomat  foil  crack  gage  was 
mounted  on  one  side  of  the  specimen. 

The  K  solution  for  the  compact,  tension  specimen  is  as  follows: 

K  =  ( Px(2  +  alpha ) )/(B  x  VI*  x  (1  -  alpha)3/2)x 

(0.866  +  4.64  x  alpha  -  13.32  x  alpha?  +  14.72  x  alpha3  - 
6.6  alpha4) 

where  K  =  stress  intensity 
P  =  load  appl led 
alpha  =  a/W 

B  =  specimen  thickness 
W  =  specimen  width 
a  ~  crack  length. 

C.  Fatigue  Testing 

t'ach  of  the  nine  specimens  were  subjected  to  the  same  loading 
conditions,  Loads  were  applied  sinusoidally  at  26  Hz  using  a  2.2  kip 
NTS  servohydraul ic  axial  fatigue  machine.  Loads  of  Pmax  =  225  lbf  and 
Pmiri  =  45  lbf  (R  ratio-0.2)  were  controlled  within  0.5%.  Test  con¬ 
ditions  are  listed  in  Table  III.  Crack  length  was  constantly  monitored 
with  the  foil  gages  and  were  accurate  to  one  mil.  At  0.015  inch  in¬ 
tervals,  the  computer  printed  the  crack  length,  c>cles  and  approximated 

the  crack  growth  rate  and  delta  K  values.  Past  experience  has  proven 
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this  system  to  be  highly  reliable,  precise  arid  fast.  The  best 

teatures  of  the  system  are  the  elimination  ot  human  error  am;  the 
ability  to  run  uninterrupted  tests. 


Future  3  illustrates  the  test  system  employee  for  generating  the 
fatigue  crack  growth  data.  Not  shown  in  this  photograph  are  the  HP 
9825B  Desk  Top  Computer  and  6490B  Multi  Programmer  which  controlled  the 
test  and  acquired  the  crack  length  and  cycle  count  automatically. 

A  close  up  view  of  1  he  specimen  under  fatigue  loading  is  shown  in 
Figure  4.  The  sealed  plastic  chamber  minimized  temperature  excursions 
and  maintained  relative  humidity  at  less  than  5%.  Although  thin  speci¬ 
men  buckling  was  anticipated,  it  did  not  occur.  This  was  attributed  to 
the  grip  design  and  alignment  and  the  low  loads  applied.  During  pre- 
cracking  the  unyaced  side  was  monitored.  Once  precracking  was  complet¬ 
ed,  crack  lengths  were  monitored  by  the  foil  gage  on  the  opposite  side. 
Data  were  taken  at  crack  growth  rates  above  2xlO-7  irich/cycle  (Stages  II 
anG  HI)  ana  covered  three  decades  of  crack  growth.  Time  constraints 
prevented  testing  at  rates  below  2xl0~7  inch/ cycle  (Stage  I,  the  thresh¬ 
old  region).  Overall,  precracking  and  testing  were  conducted  in  eccor- 
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dance  with  ASTfl  s tdndards. 

During  the  precracking  of  specimen  M3,  the  specimen  was  accidently 
overloaded  and  the  crack  tip  severely  blunted  at  0.670  inches.  7 fie 
blunting  was  so  severe  that  it  was  not  possible  to  include  this  specimen 
with  the  others  in  the  FCG  life  analysis.  Sq,  the  load  was  increased 
I-,,  grow  the  crack  through  the  overloaded  region  and  to  obtain  FCGR  data 
v/hich  could  be  compared  with  the  other  FCGR  data. 

D.  Tensile  Testing 

Tensile  tests  using  specimens  machined  from  broken  CT  specimens 
were  conducted  to  verity  the  elongation  predictions.  Tests  were  con¬ 
ducted  on  a  10  kip  I  nut.  run  tensile  test  machine.^'  The  compact  tension 
specimen  thickncs  IB)  anr  width  (W)  prevented  the  use  of  standard 
tensile  specimen’.;  c  c  the  sub-size  specimen  shown  in  Figure  2(b)  wos 
designed. 


all  view  of  the  test  stand  used  to  generate  FCC  data.  A-Crack  g 
tor,  B-Amplitude  Controller,  C-F.nvironment al  Cabinet,  D-Servohyd 


Figure  4.  Close  up  view  of  a  specimen  in  the  sealed  environmental 
control  cabinet.  A-CT  specimen  with  crack  gage  leads 
coming  off  the  backside,  B-Dessicant,  C-Temperature  and 
relative  humidity  detectors. 
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E.  Pose  fracture  Evaluation 


Selectee  halves  of  broken  specimens  were  carefully  sectioned, 
mounted,  ground,  polished,  and  etched  to  reveal  the  mi crostructure  ar.ri 
crack  path  morphology.  By  including  the  notch  tip,  it  was  possible  to 
evaluate  the  crack  path  from  the  notch,  through  the  fatigue  zone,  to  the 
overload  region.  The  notch  served  as  a  landmark  for  calculating  crack 
length  and  for  comparing  fhe  features  to  crack  lenoth,  FCGR,  and  delta 
K.  Metal  lographic  analysis  was  performed  ori  a  Zeiss  metal loqraph. 

Fracture  faces  were  also  examined  macroscopi ca 1 ly  and  microscop¬ 
ically  with  light  and  electron  optics.  Macroscopic  light  optics  magni¬ 
fications  ranged  from  lx  to  7Gx.  A  Jeol  35CFX  Scanning  Electron  Micro¬ 
scope  was  used  for  higher  magnifications  of  70x  to  SOOOx. 

Initially,  this  program  was  designed  to  reveal  relationships 
between  cast  microstructural  features  and  fatigue  crack  growth  lives. 
When  the  material  was  selected,  it  was  believed  that  a  broad  range  of 
microstructural  features  was  obtainable.  Unfortunately,  after  the  image 
analysis  data  were  generated,  it  was  discovered  that  the  range  of 
dendrite  arm  spacing,  dendrite  cell  size,  silicon  particle  aspect  ratio, 
and  porosity  displayed  a  smaller  range  than  anticipated.  The  observed 
variability  in  microstructure  limited  the  possibility  of  drawing  solid 
conclusions  at  program  completion.  With  this  in  mind,  the  program  was 
redirected  tc  evaluate  the  variability  of  fatigue  crack  growth  lives 
using  the  prepared  specimens  and  the  data  generated  on  these  specimens. 


SrCTION  IV 

RESULTS  AND  DATA  ANALYSES 
A.  Crack  Growth  Data 

The  FfG  data  are  compared  m  figure  5  based  on  a  common  initial 
c^ack  length  (a  )  o'  0.6P.8  inches.  For  some  of  the  specimens,  the  cycle 
count;  at  df  was  obtained  through  interpolation.  Figure  5  does  not 
include  the  over  loader  specimen  H3  because  it  was  tested  at  higher  loads 
man  the  other  specimens.  As  shown  in  Figure  5,  specimen  S?  had  the 
longest  life  of  the  eight  specimens,  while  specimens  M2  and  LI  had  the 
'.hortest  lives,  there  were  five  specimens  which  hac  similar  FCG  lives. 

Ihe  KCGP  data  for  each  of  the  nine  specimens  were  also  tabulated 
and  individually  plotted  in  the  Appendix.  Figure  6  is  a  comparison  plot 
of  the  FCGR  data  from  all  specimens  and  the  scatterband  associated  with 
oata  generated  in  an  another  study. ^  Good  agreement  exist  between  the 
results  of  individual  specimens  except  for  specimen  52.  Specimen  S 2 
exhibited  a  substant ial ly  different  trend  and  a  much  slower  crack  growth 
rate  than  any  of  the  other  eight  specimens  tested  in  this  program  as 
well  as  the  specimens  tested  previously.  This  type  of  behavior  is 
extremely  unusual. 

Since  c2  had  an  unusual  crack  growth  rate,  it  was  not  included  in 
the  following  statistical  analysis  for  two  possible  reasons.  First,  it 
'is  believed  that  some  piece  of  test  inst.rumentei.ion  may  have  been 
improperly  calibrated  for  this  test  (it  was  the  first  test  conducted), 
(.hereby  leading  to  erroneous  data.  Second,  its  mi crostructure  could 
have  been  significantly  different  than  the  other  specimens.  The  data  in 
Table  II  indicates  there  was  no  significant  difference.  Therefore,  it 
was  concluded  that  the  test  instrumentation  was  improperly  calibrated. 
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B.  Statistical  Analysis  of  FCG  Data 


Since  only  a  limited  amount  of  data  was  available  for  statistical 
analysis,  it  was  decided  that  only  basic  statistical  calculations  (mean, 
standard  deviation,  and  coefficient  of  variation)  would  be  made. 

Figure  7  illustrates  the  intervals  over  which  the  coefficient  of 

variation  of  FCG  life  was  calculated.  Fatigue  life  statistics  were 

calculated  from  a  =  0.688  inches  to  a,  =  1.302  inches  at  0.092  inch 
o  r 

intervals.  Two  groups  of  statistics  were  calculated  and  tabulated  in 
Table  IV.  Group  A  statistics  were  described  as  a.  to  a^.  For  example, 
the  first  interval  ranged  from  0.688  inches  to  1.302  inches.  The 
average  number  of  cycles  to  grow  from  0.688  inches  to  1.302  inches  was 
828,190  cycles,  and  the  standard  deviation  was  149,030  cycles.  The 
coefficient  of  variation  was  0.18  or  18%.  The  second  interval  ranged 
from  0.749  inches  to  1.302  inches  as  shown  in  Figure  8(b).  The  average 
life  was  595,270  cycles  with  a  standard  deviation  of  95,920  cycles,  and 
a  coefficient  of  variation  of  16%.  Group  B  statistics  were  described  as 
ai  to  ui+1.  For  example,  the  first  interval  ranged  from  0.688  to  0.749 
inches,  while  the  second  interval  ranged  from  0.749  to  0.841  inches. 

Table  IV  lists  the  variability  of  FCG  lives.  The  least  coefficient 
of  variation  of  9%  occurred  when  the  crack  grew  from  1.026  to  1.302 
inches  (Figure  8(d)).  The  most  variability  (57%)  occurred  when  the 
crack  became  unstable  just  before  fracture.  The  high  57%  variability  is 
also  attributed  to  the  few  number  of  cycles  that  the  crack  grew  during 
that  interval.  Then,  by  the  very  definition  of  coefficient  of  variation 
(standard  deviation/mean),  the  coefficient  of  variation  for  this  inter¬ 
val  was  high. 

If  the  52  FCG  life  data  were  included  in  the  statistical  calcu¬ 
lations,  the  coefficient  of  variation  would  he  even  greater.  For 
example,  for  the  interval  aQ  =  0.688  inches  to  a^  -  1.302  inches  the 
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cue  the  ient  of  variation  without  specimen  S?  is  18%  (See  Table  TV), 
while  if  S2  were  included  the  coefficient  of  variation  is  30.3%. 


Table  V  lists  FOG  life  statistics  for  various  alloys.  From  this 
table  it  is  obvious  that  cast  A357-T6  has  more  variability  in  FCG  life 
than  the  wrought  materials  shown. 

Considerable  variability  was  expected  due  to  the  coarse  microstruc¬ 
ture  and  castiny  discontinuities.  When  the  cracks  are  small,  the 
coarse,  heterogenous  microstructure  results  in  various  crack  growth 
lives  -  some  short,  some  long.  Similarly,  the  nonuniform  microstructure 
affects  the  variability  of  FCG  life  and  FCGR  behavior  when  the  crack 
approaches  the  length  of  instability  and  final  overload  fracture. 

Substantial  property  variability  was  also  noticed  in  a  study  of  casting 

ip, 

fracture  toughness. 


C.  Tensile  Data 

The  measured  tensile  properties  and  predicted  elongations  were 
compiled  in  Table  VI.  The  specimens  were  listed  from  shortest  to 
longest  FCG  life.  The  data  for  specimen  M3,  the  overloaded  specimen, 
were  included  for  completeness. 

The  average  ultimate  and  yield  strengths  were  very  close  to  the 
strengths  expected  of  A357-T6.  Of  particular  interest  was  the  low 
coefficient  of  variation  of  the  strengths:  3.1%  for  ultimate  and  2.8% 
for  yield. 

Unlike  the  strength  measurements,  both  the  predicted  and  actual 
ductilities  (percent  elongations)  varied  considerably,  for  the  predicted 
elongations,  side  A  measured  35%  coefficient  of  variation  while  side  B 
measured  46%  coefficient  of  variation,  and  for  the  actual  elongations,  a 
49%  (oefficent  of  variation  was  calculated. 
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TABIF  V:  Comparison  of  FCG  Life  Statistics  for  Different  Alloys 


Material 

Average  C.O.V. 

Range  of  C.O.V. 

Reference 

A357-T6 

0.  27 

0. 13  to  0.57 

This  Stu^y 
Group  B 

?0?4-T3 

0.079 

0.07  to  0.085 

Ref  7 

10  Ni- 8C0-I Mo 

0.06 

0.06 

Ref  9 

IN  7  1 «  0  <140°F 

0.09 

0.09 

Re  f  0 

IN  718  0  1POO°F 

0.066 

0. 066 

Ref  9 

23 


v 

mZ-A  Z*jL?Jk.  ^  .. 


iviv^v: 


Since  the  tensile  specimens  were  subside  and  not  located  exactly 
where  the  image  analysis  was  performed,  some  of  the  differences  between 
predicted  and  actual  elongations  were  anticipated.  It  is  most  disturb¬ 
ing,  however,  that  for  the  predictions  made,  which  predicted  value  does 
the  quality  assurance  engineer  believe?  Which  is  most  accurate,  side  A 
or'  side  B?  For  instance,  in  Specimen  LI,  is  side  A  acceptable  at  5.8r^ 
elongation  or  is  side  B  acceptable  at  8.5%  elongation? 

Although  these  questions  are  posed,  the  tensile  data  as  a  whole  is 
not  necessarily  precise;  it  serves  to  further  characterize  the  material 
tested  under  fatigue. 

D.  Microstructural  Results 

Upon  sol idification,  the  basic  microstructure  of  A357  takes  the 
form  shown  in  Figure  9.  This  microstructure  consists  of  a  dendritic 
aluminum  matrix  outlined  by  silicon  eutectic  particles.  Subsequent 
solutionizing,  quenching,  and  artificial  aging  refine  the  microstructure 
further  and  increase  tensile  strength.  Solutionizing  slightly  homo¬ 
genizes  the  microstructure  and  spheroidizes  the  silicon  particles. 
During  aging,  Mg^Si  precipitates  form  in  the  matrix;  these  are  primarily 
strengthening  agents  while  the  eutectic  silicon  particles  offer  no 
strengthening.  The  silicon  eutectic  enables  molten  fluidity  of  the 
alloy.  The  material  alsc  contains  inclusions  and  gas  shrinkage  porosi¬ 
ty.  Since  the  basic  microstructure  has  been  studied  extensively,  the 
emphasis  ol  this  effort  was  placed  on  correlating  the  microstructural 
natures  and  discontinuities  to  FCG  life  and  FCGR  behavior. 

i he  microstructure i  data  iri  Table  II  were  compared  to  the  FfG  life 
dita.  Unfortunately,  no  conclusive  correlations  could  be  drawn  due  to 
the  (arrow  range  of  microstructural  variability.  While  analyzing  the 
data,  it  was  noticed  that  SDecimens  f12,  LI  and  S2  possessed  the  greatest 
s’de-to-side  differences  in  the  metallurgical  parameter  M.  In  other 


words  for  specimen  H2,  the  difference  between  side  A  and  side  B  measure¬ 
ments  was  b.l  while  specimen  S3  measurements  dilfered  by  2  ?.  The  FCf; 
life  and  metal lurgical  parameter  M  data  illustrating  this  observation 
are  tabulated  in  Table  VII  and  shown  graphically  in  Figure  10.  Test 
specimens  SI,  S3,  Ml,  L2,  and  L3,  which  clustered  around  the  average  FCG 
life,  had  the  lowest  values  of|M^-Mg[.  Specimens  S2,  LI,  and  M?  had  the 
highest  values  of|M^-Mg|  and  were  either  much  shorter  than  the  average 
ICG  life  (approximately  one  half)  or  much  longer  than  the  average  FCG 
life  (approximately  twice).  By  assuming  that  the  life  data  from  speci¬ 
men  S2  is  valid,  the  metallurgical  parameter  M  is  shown  to  provide  a 
direct  measure  of  variability  with  respect  to  average  fatigue  crack 
growth  life.  By  deleting  the  S?  fatigue  life,  the  correlation  with  M 
becomes  much  less  pronounced. 

Crack  path  morphologies  were  also  studied  in  great  detail.  Analy¬ 
sis  showed  that  in  the  Paris  Law  region  (Stage  II)  the  crack  propagated 
primarily  transdendri t.i ca  1  ly,  while  in  the  overload  region  (Stage  III) 
the  crack  propagated  intcrdendritical ly  (Figure  11).  The  transition 

point  (delta  K  is  the  transition  stage  III  of  the  FCGR  plot)  was 

^  1 

approximately  12.4  ksi  (in)s  which  was  in  good  agreement  with  data 

.  ,  .  19 

genera  ted  earl ler. 

An  effort  was  made  to  correlate  discontinuities,  such  as  porosity 
and  crack  branching-,  to  the  acceleration  or  deceleration  of  the  crack 
tip  (Figures  12-13).  This  was  accomplished  by  measuring  the  crack 

length  to  a  oiven  anomully  (porosity  or  crack  branching)  and  then 

referring  back  !.o  the  calculated  crack  growth  rate  data.  Typically, 
i CGK  increased  when  the  crdck  hit  shrinkage  porosity  and  decreased  when 
the  crack  branched.  Although  this  was  generally  true,  a  morp  precise 
means  of  measuring  the  effects  of  microstructure,  discontinuities  und 
branching  should  Le  employed.  Perhaps  the  best  method  would  be  to  make 
rack  length  measurements  at  shorter  intervals,  such  as  0.00b  inch 

increments  instead  of  U.015  inch  increments. 


TASLL  Vll: 

Data  relating  the  Absolute 
Absolute  Difference  of  FCO 

Difference  of  M.  and 
Life  and  the  Average 

M  to  the 
FCC  Life 

Specimen 

+ 

N 

Jn-n) 

SI 

0.5 

926 . 3Q 

9.48 

S? 

6 .  A 

1537.93 

621 .07 

S3 

2.2 

866.6 

50. 31 

»M 

0.4 

864 . 5 1 

52.4 

M2 

5.1 

577.82 

339.09 

M3* 

— 

— 

— 

LI 

5.2 

660. 63 

256.28 

L2 

0.6 

045.00 

28.  IK 

1.3 

1  .  1 

956.26 

3°.  35 

N=916.91 

*Not  included  in  this  analysis  due  to  different  loading  conditions. 

4- 

Common  crack  length  interval  a  =  0.6P8  inch  tc  a.  =  1.302  inch. 
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s  much  different  from  the  average  had JM  -M^  values 
edtng  5.0  U.l ,  M2,  S?> .  The  other  specimens,  with 
.s  nearest  the  average  FCG  life,  had  IM  -MJ  values  o 
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Figure  11.  Crack  path  morphology  at  tgo  different  delta  K  levels  in  , 
specimen  L2:  (a)  7  ksi-in",  transdendri tic ,  (b)  18  ksi-in  , 

interdendri tic .  Arrows  indicate  crack  propagation  direction 
Reller'6  etch,  lOOx. 


Plastic  zone  sizes  were  calculated  with  the  hope  of  correlating  the 
plastic  zone  size  to  a  microstructural  feature.  This  was  done  to 
determine  if  a  microstructural  feature  was  responsible  for  the  reversals 
of  FCGR  at  delta  K  of  approximately  7.6  ksi  in  and  the  transition  point 
from  Stage  II  to  Stage  III  of  the  FCGR  plot.  The  cyclic  plastic  zone 
size  was  calculated  using  r^  =  (1/2  )x(delta  K/2x  yield  strength)  .  The 
plastic  zone  sizes  at  the  reversal  and  the  transition  points  were  0.0012 
and  0.0032  inches,  respectively.  The  plastic  zone  size  of  the  reversal 
point  (0.0012  in)  was  about  the  same  as  the  average  dendrite  arm  spacing 
(0.0014  in). 

E.  Fractographic  Results 

On  a  macroscopic  level,  the  CT  fracture  faces  were  characterized  by 
two  regions.  At  low  magnifications,  the  first  region  was  coarsely 
faceted,  while  the  second  region  was  ductile  and  very  irregular  (Figure 
14).  Between  the  two  regions,  a  short  transition  zone  existed.  For  the 
most  part,  the  fracture  surfaces  were  very  irregular,  and  by  no  means 
flat. 

Since  the  fracture  surfaces  were  so  rough,  it  was  decided  that 
scanning  electron  microscopy  would  be  more  amenable  for  analyzing  the 
surfaces  than  trying  to  produce  replicas  for  transmission  electron 
microscopy.  Intensive  SEM  analyses  were  performed  on  specimens  S2,  M2 
and  L2,  while  cursory  analyses  were  performed  on  the  remaining 
specimens. 

The  first  region  appeared  very  ductile  as  evidenced  by  the  dimpling 
of  the  surface  (Figure  15).  This  was  expected  due  to  the  transdendri tic 
nature  of  the  fracture  revealed  by  the  metallographic  analysis.  Occa¬ 
sionally,  fatigue  striations  were  found  on  the  surface,  but  they  were 
found  locally  (Figure  16).^ 
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Figure  14.  Typical  macroscopic  view  of  a  fracture  face.  Note 

faceted  appearance  of  region  1,  and  the  transition  of  region  1 
to  region  2,  and  the  ductile  appearance  of  region  2.  Arrow 
indicates  crack  propagation  direction.  Approximately  3x. 
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Figure  15.  Region  1  fracture  features.  Note  ductility,  limited 

signs  of  fatigue,  and  lack  of  fractured  silicon  particles 


Figure  16.  Localized  region  of  fatigue  striations  on  aluminum 

matrix.  Also,  fractured  and  secondary  cracked  silicon 
particle.  2200x 
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Figure  17.  Region  2  fracture  face  characterized  by  fractured  silicon 
particles  indicating  interdendrit ic  nature  of  fracture. 


The  transition  between  the  two  regions  was  mixed  with  charac¬ 
teristics  of  key ion  1  and  Pegion  ?,  with  no  definitive  transition  point. 
'>»gion  :  ,  as  shown  in  Fioure  17,  consisted  of  fractured  arid  suhcracked 
silicon  ^articles  in  a  ductile  matrix.  This,  too,  was  expected. 

far] for  work  on  fracture  toughness  specimens  showed  the  same  effect  as 

18 

Mn  IVqu'n  Z  fracture  morphology. 

Other  features  observed  included  porosity,  subcrackirig,  and  crack 
branching.  Figure  13  typifies  the  porosity  scattered  throughout  the 
y  ic.k  specimen. 
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SECTION  VI 
RF.COHMENDATIONS 

It  is  believed  that  the  eutectic  silicon  particles  play  a  major 
role  in  both  the  fatigue  and  fracture  of  aluminum-si  1  icon-magnesium 
casting  alloys.  Silicon  particle  parameters  of  size,  shape,  dis¬ 
tribution  and  spacing,  either  together  or  independently,  probably  affect 
the  fatigue  and  fracture  properties  the  most  as  compared  with  the  other 
r.iicrostructurdl  features.  A  carefully  controlled  test  program  could  be 
devised  to  evaluate  damage  tolerant,  properties  by  varying  these 
parameters. 

Another  program  would  involve  evaluating  the  effects  of  casting 
microstructures  and  discontinuties  on  threshold  crack  growth  rates. 

To  date,  threshold  values  have  not  been  published  for  premium  quality 
castings,  nor  have  the  effects  of  microstructure  and  discontinuities  on 
threshold  values.  Of  particular  interest  would  be  the  effects  of 
porosity  on  crack  growth  at  lower  delta  K  values.  One  question  that 
remains  unanswered  is:  Would  porosity  serve  to  blunt  or  accelerate 
crack  growth? 

Ir  a  related,  but  different  effort,  the  evolving  technology  of 
thermal  analysis  of  molten  aluminum  could  be  applied  towards  predicting 
t.he  fatigue  and  fracture  properties  of  castings.  Thermal  analysis 
basically  involves  generating  a  cooling  curve  of  the  molten  metal  before 
the  casting  is  poured.  This  cooling  curve  shows  the  amount  of  grain  and 
silicon  particle  refinement,  the  metal  is  capable  of  achieving.  Although 
this  technology  is  just  evolving,  and  only  tensile  properties  are 
predicted,  it  is  believed  that  thermal  analysis  techniques  can  be 
applied  to  molten  metal  poured  into  fracture  criticoi  structures. 
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APPENDIX 


What  follows  is  a  compilation  of  the  raw  FCO  data  acquired  elec¬ 
tronically  and  the  FCGR  data  calculated  using  the  7-point  polynomial 
method.  This  legend  explains  the  abbreviations  used. 


rTr,ax  is  the  maximum  load  applied  in  pounds  force. 

Pnin  is  the  minimum  load  applied  in  pounds  force. 

K  is  the  ratio  of  Pmin/Pmax=0.?QQ. 

D  is  the  specimen  thickness  (See  Figure  2a). 

I'  is  the  specimen  width  (See  Figure  2a). 

Crack  correction  is  the  correction  in  factor  used  for  the  CT  speci¬ 
men. 

ct  #  is  the  sequential  numDering  system. 

CYCLE  COUNT  is  the  number  of  cycles  in  thousands. 

A-cor  is  the  actual  crack  length  read  by  the  oata  acquisition  system 
(Crack  correction-0.000  inch). 

A-reg  i  .  the  crack  length  resulting  from  the  seven  point  polynuinia  T 

analysis. 

Fit  is  a  measure  of  closeness  of  fit  between  A-cor  a  no  A-reg 
delta  K  is  the  the  calculated  range  of  K  value:  at  * 
observation  (units  -*  Fsi  /in).  If  perfect  fit  MC  =  l.O. 


oa/dN  is  tin  calculated  crack  growth  rate  at  th.it  <  U  1 1  >  K  (unit. 


SFECJMfN  NO. 

P»»»  •  225  LBF  6r)r  * 

b-Q.122  in.  ’  N-2.000  lr.. 


£) 

4 f>  Lhl  f  *  0.200 

Craet  Crrrarlfrr  *0.000  In 


PT 

C 

rvrt.i 

COUNT 

A-ccr 

jn 

A  j  co 
i  r 

PC 

r‘c  1  t  f  y 
b  i  1  *  r 

rio/i'r 
•vin/(  > 

} 

o.oni 

a. 67? 

f 

52.770 

0.6R8 

3 

107.940 

0.70? 

4 

167.600 

0.718 

0.717 

0.999188 

6.82 

0.242) 

■b 

239.320 

0.734 

0.733 

0.997408 

6. 97 

0.2283 

6 

31*.  770 

0. 749 

0. 750 

0.997638 

7.10 

0.2333 

7 

<090 .740 

0.766 

0 . 766 

0.997082 

7  .25 

0.2676 

P 

442.400 

0.780 

0 . 780 

0.994676 

7  .40 

0.3284 

9 

495.940 

0.795 

0.798 

0.995413 

7.54 

0.4223 

10 

530 .900 

0.811 

0.813 

0.994686 

7  .71 

0.4630 

1 1 

553.160 

0.876 

0.824 

0.990631 

7.06 

0.4616 

12 

579.830 

0.841 

0 .8  39 

0.998106 

8.02 

0.4921 

1  3 

617.090 

0.857 

0.857 

0. 998782 

8.20 

0.4564 

14 

654.030 

0.872 

0.872 

0.999112 

8.37 

0.4069 

15 

692.330 

0.887 

0.886 

0.996813 

8.54 

0.3946 

16 

740.4  30 

0.90  3 

0  .904 

0.99431  1 

8.74 

0.4  38  3 

17 

774.260 

0.918 

0.921 

0.996993 

8.93 

0.5355 

18 

803.770 

0.633 

0.933 

0.998358 

9.12 

0.5653 

19 

827.. 010 

0.949 

0.947 

0.997959 

9.33 

0.6072 

20 

851.510 

0.964 

0  .964 

0.999581 

9.54 

0.6565 

21 

875.090 

0.9  79 

0.979 

0.995783 

9.76 

0.7252 

22 

899.090 

0.995 

0.996 

0.996754 

10.00 

0.8415 

23 

918.350 

1.010 

1.013 

0.994488 

10.23 

1.0626 

24 

929. 540 

1.026 

1.024 

0.985615 

10.49 

1.3717 

25 

944.610 

1.04  1 

1.04  7 

0.985954 

10.75 

1.9799 

26 

950.840 

1.056 

1.059 

0.990699 

11.01 

2.4702 

27 

*54.940 

1.072 

1.068 

0. 996045 

11.31 

2.8905 

28 

96C.830 

1.087 

1.088 

0.992015 

11.60 

3. 6440 

29 

*65.500 

1.107 

1.105 

0.986003 

11.90 

4.8  35  3 

30 

966.870 

1.118 

1.371 

0.995410 

17.7* 

6. 7586 

31 

970.800 

1  .1  33 

1.133 

0.99  68  79 

12.  56 

7 .0636 

32 

972. 320 

1.148 

1 .  145 

0.994910 

17.  93 

8.1133 

3' 

976.640 

1.164 

1 .  166 

0.976814 

13.30 

10.6716 

34 

976.420 

1.  179 

1,  ’ft 6 

0.97189? 

13.68 

16.  2019 

35 

977 . 2*0 

1.194 

1.701 

0.968099 

14.08 

24.870? 

Jf 

977.650 

1.710 

1.209 

0. 9*Q0b? 

14.53 

34.4554 

37 

978 . ?40 

1.776 

1.231 

0. 986384 

14.97 

49.5391 

38 

97ft. 360 

1.740 

1.2H 

0.985514 

15.44 

56.  6969 

39 

978 .750 

1.256 

1  ,  260 

0.988463 

15.97 

81.2064 

4r 

976.670 

1.771 

1  .  769 

0.965674 

16.49 

100.7436 

4) 

979.060 

1.287 

1.289 

0.996057 

17.08 

128.8119 

42 

979. 160 

1.  30  2 

1.303 

0.995693 

17.67 

14C. 6570 

43 

476. 240 

1.318 

1.314 

0.989681 

18.33 

165.0695 

44 

979 . 350 

1.333 

1.334 

0.957895 

18.99 

240.1842 

45 

979 .450 

1.349 

46 

979  .480 

1.366 

47 

979 .520 

1.395 

•-'‘at*  violator  epacirrr  ilia  rtot  J  r  airrrt  t 


Peril  eeocrrrt 
Jon  cf  Intarcnct 
Faria  coefficient 


7.  21B 
-12.979 

1.099*10“ 


-11.000 


8357-74.  f  1 


ft  *4V  It  US 


SHVIHIK  NC. 

^rn  *  225  llff  Pf  i  n  • 

{>•0.122  in.  N«1.999  in. 


E2 

45  i.hf  f  •  n.?on 

Crrc*  Ccrrecttcn  *0.000  >n. 


ft 

• 

CYCt  * 

CCfKT 

A  •  ror 
ir 

1  n 

M  C 

4  l  )  1  I’  ► 

* :  J  v  r 

1 

0.001 

0.683 

2 

106. 590 

0 . 698 

3 

218 .890 

0.713 

4 

330,970 

(1.7  79 

0.731 

0.999 197 

6.93 

c 

^03.050 

0.744 

0 . 742 

0 . 999307 

7.06 

6 

496.050 

0.759 

0.759 

0 . 998700 

7  .  ;o 

7 

580.570 

0.77  5 

0 . 775 

0.995839 

7.35 

8 

653.880 

0.790 

0. 79  1 

0.996647 

7.50 

9 

709 .570 

0.805 

0.807 

0.99699 1 

7.65 

10 

751  .990 

0.821 

0.821 

0.994773 

7.61 

1  1 

787.280 

0.836 

0.834 

0.997368 

7  .97 

12 

8  39. 640 

0.851 

0.851 

0.99875? 

8.14 

13 

89  1.450 

0.867 

0.867 

0.998804 

8.32 

14 

945.420 

0.887 

0.882 

0.999786 

8.49 

15 

996. 600 

0.898 

0.898 

0.999334 

8.66 

16 

1046.550 

0.91  3 

0.914 

0 , 9990 1 B 

8.67 

17 

106  3. 740 

0.9?B 

0.927 

0.997923 

9.06 

18 

1127.710 

0.944 

0.943 

0.997076 

9.28 

19 

1175.390 

0.959 

0.962 

0.996891 

9.48 

20 

1201 .070 

0.974 

0.974 

0.994716 

9.70 

21 

1232.140 

0.990 

0.988 

0.995304 

9.93 

22 

1268.640 

1.005 

1 . 004 

0.994745 

10.17 

23 

1310.550 

1.020 

1.023 

0.996255 

10.41 

24 

1  339. 780 

1.036 

1.037 

0.998816 

10.67 

28 

1  362.5  10 

1 .051 

1.04  6 

0.998061 

10.94 

26 

1  388.550 

1.066 

1 . 067 

O.99B060 

11.  71 

27 

141  1.560 

1  .082 

1.084 

0.995006 

11.51 

28 

1475.040 

1.09  7 

1.095 

0.996747 

11.81 

29 

1445.860 

1.117 

1.316 

0.994005 

12.  17 

30 

1454.840 

1.178 

1.126 

0.994432 

12.47 

31 

1469. 130 

1.143 

1  .  140 

0. 993850 

12.81 

32 

1487 .730 

1.159 

1.160 

0.993064 

13.  19 

33 

1503.440 

1  .174 

1.176 

0.996469 

13.57 

34 

1514.530 

1.189 

1.168 

0.999051 

13.96 

35 

1576.4  30 

1.705 

1.204 

0.998816 

14.41 

36 

1536 . 670 

1  .  720 

1.222 

0.996177 

14.84 

27 

1546  .910 

1.235 

1.235 

0.997273 

15.31 

36 

1555.600 

1.751 

1.253 

0.999193 

15.83 

39 

1560.590 

1.266 

1.265 

0.999153 

16.  34 

4  0 

1566. 070 

1.781 

1.260 

0.998584 

16.66 

41 

1571.740 

1. 797 

1.299 

0.994713 

11.50 

47 

1576.460 

1.312 

1.313 

0.994975 

18.11 

43 

1579.800 

1.327 

1.327 

0.969188 

18.75 

44 

1588. 1  10 

1.343 

45 

1594.130 

1.358 

46 

1596.470 

1.373 

•-data  viclatfs  frrci^er  tire  reoui  r  mart  r 

Pt t i r  *»dc nr r t 

2.927 

Jc«i 

cf  Jrterc^rt 

-9.110 

P  b  X  ) 

r  cr»«  f  f  ir  »*r  t 

6. If  1 

•10‘ 

-  10 .000 

( ’ / 1  t 

■i  in/rv 


0 . ] 62s 
0.1720 
0.1905 
0.2214 
0.2720 
0.3037 
0.3143 
0.3261 
0.3237 
0.3065 
0.3074 
0.3240 
0.3334 
0.3579 
0.3944 
0.4273 
0.4200 
0.4  360 
0.4661 
0.4967 
0.5509 
0.6316 
0.7085 
0.B407 
0.9303 
1.00  2  5 
1.0142 
1  .0264 
1.0668 
1.1334 
1.2437 
1.4027 
1.6738 
1.9740 
2.3604 
2.5873 
2.9318 
2.9099 
2.8216 
2.9007 


8357-16,  £2 


:  TTTTT W TV  “VTa  TV  TTO  *7*7* TV  ■T'>*>  V.W7  JW.7.7y.TJ?.  7T  V.’^np;  T.",r.*\  r 


8  H«v  1985 

rprciMfN  no.  S3 

•*»»  •  275  IBF  Prlr  *  45  LBF  P  •  0.200 

■  *0.)21  In.  N-2.000  in.  Crtck  Ocrr«ction  *0.000  in. 


PT  CYCLi  A-crr 

«  COLN1  in 


A-ti  rq 
In 


<Jr3  tf  K  d*/<ir, 

HC  rsi  *  r  »ulr»/cy 


3 

0.001 

0.657 

t 

69.390 

0.672 

J 

137.710 

0.688 

4 

189 .'  360 

0.70? 

0.702 

5 

253.020 

0.718 

0.720 

6 

309.900 

0.734 

0.734 

7 

360.840 

0.749 

0.747 

a 

438 . 89  0 

0.764 

0.765 

9 

S  09 . 860 

0.780 

0.780 

10 

S74.880 

0.795 

0.798 

31 

616.710 

0.810 

0.812 

32 

648.160 

0.826 

0.825 

13 

674.660 

0.841 

0.840 

34 

703.180 

0.856 

0.857 

IS 

729.630 

0.872 

0.873 

16 

750.960 

0.887 

0  .885 

17 

784.740 

0.907 

0.907 

38 

820 .290 

0.918 

0.917 

19 

858.890 

0.933 

0.935 

20 

885.580 

0.949 

0.951 

21 

903.590 

0.964 

0.965 

22 

916. 190 

0.979 

0.978 

23 

930.060 

0.995 

0.994 

74 

942.860 

1.010 

1.017 

2S 

9  50  .9  6  0 

1.025 

1.024 

26 

960.290 

1.041 

1.04  1 

77 

967.970 

1.056 

1.058 

28 

972.580 

1  .071 

1.069 

79 

979.270 

1.087 

1.086 

30 

985.490 

1.102 

1.104 

31 

989.860 

1.117 

1.119 

32 

993.440 

1.133 

1.137 

33 

995.390 

1.148 

1.157 

34 

997..  230 

1.164 

1.175 

3S 

997.. 720 

1.179 

1 .  183 

36 

998.190 

1.194 

1 .  397 

37 

998.520 

1.710 

1.213 

38 

998.710 

1.725 

1.224 

39 

998.880 

1.240 

1.238 

4C 

999.130 

1.756 

1.264 

41 

999.210 

1.271 

1.276 

42 

999.270 

1.787 

43 

999 .3)0 

1.302 

44 

999.350 

1.317 

•  t« 

viclater  rpeclrrr 

rite  rnouireirert 

P«r  i  r 

ea&crer t 

7.377 

ICQ  C  f 

jrterceot 

-13.091 

far  i  r 

ccef  f icier  t 

8.105*10* 

0.999687 

6.75 

0.2563 

0.998313 

6.  88 

0.2540 

0.  998496 

7..  07 

0.2480 

0.948488 

7.. 16 

0.2423 

0.995565 

7..  30 

0.2413 

0. 997210 

1.46 

0.2696 

0.993932 

7. 61 

0.3468 

0.997391 

7. 76 

0.4265 

0.999031 

1.93 

0.4896 

0.999444 

8.09 

0.5460 

0.998103 

8.25 

0.5604 

0.997947 

8.44 

0.5486 

0.998441 

8.61 

0.5315 

0.996395 

8.80 

0.5018 

0.997612 

9.  DO 

0.4960 

0.991263 

9.19 

0.6001 

0.993480 

9.41 

0.7869 

0.999237 

9.4  7 

0.9614 

0.998960 

9.84 

1.1204 

0.998659 

10.08 

1.3116 

0.998551 

10.37 

1.5211 

0.997839 

10.56 

1.7661 

0.998536 

10.84 

2.0718 

0.998178 

11.10 

2.2790 

0.998194 

11.38 

2.4457 

0.996451 

11.69 

2.8160 

0.990343 

12.00 

3.4975 

0.  990276 

12.31 

4.6646 

0.981778 

12.67 

6.9356 

0.969544 

13.02 

10.4198 

0.958341 

13.41 

17.9221 

0.962454 

13.79 

29.4841 

0.990912 

14.20 

.  47.7170 

0.995777 

14.65 

60.64  14 

0.994918 

IS. 10 

73.7271 

0.983036 

15.57 

92.8410 

0.965629 

16.  10 

146.1030 

0.972971 

16.63 

221.3797 

-14.000 


A3S7~'i6,  .c  3 


8  Hits 


SptVI'l**  hv. .  *'1 

n.4>  .  22 5  LbF  Prir  •  45  Lbf  P  *  C.  700 

B*a.l21  fr.  ■  h-2.000  in  Crtci  Coti*c«ior  -0.000  in. 


PT 

1 

CYCM 

COUM 

A  -CO  l 

J  n 

A-9|  rq 

1  r 

MC 

rte] 1 1  If 
fc  .c  J  v  J  r 

•uin/c  y 

1 

O.POJ 

0.671 

2 

57..8  70 

0.6R7 

3 

11 7. 180 

0.702 

4 

17S..36P 

0.7)7 

0.717 

Q.  999746 

6.67 

0.240s 

5 

240.400 

0.733 

0 . 732 

0 .999660 

7.02 

0.2259 

6 

31  7  . 4  30 

0.748 

n  .748 

0. 999570 

7. 15 

0.2130 

7 

307.. 580 

6. 763 

0.761 

0.999351 

7.19 

0.2087 

R 

470.340 

0. 779 

0.779 

0.997995 

7.4  5 

0.2196 

9 

541.090 

0.794 

0.79  4 

0.994291 

7.60 

0.2569 

JO 

600.410 

0.B09 

0.81 1 

0.995583 

7.75 

0.3223 

)  i 

655.280 

0.825 

0.827 

0.998093 

7.9? 

0.4041 

12 

685.770 

0.840 

0.839 

0.998979 

8.08 

0.4850 

1  3 

716.910 

0.855 

0.856 

0.998883 

0.74 

0.5825 

J  4 

745.710 

0.871 

0.872 

0.998885 

0.43 

0.6864 

IS 

764.560 

0.886 

0.885 

0.999567 

0.60 

0.7895 

16 

785.600 

0.902 

0.903 

0.999088 

0.80 

0.940) 

17 

■01.180 

0.917 

0.918 

0.998447 

0.99 

1.1090 

le 

816.310 

0.932 

0.932 

0.999606 

9.  18 

1.260) 

19 

826.450 

0.948 

0.949 

0.993959 

9.40 

1.2576 

20 

835.270 

0.963 

0.962 

0.996347 

9.61 

1.3027 

21 

845.700 

0.978 

0.975 

0.995234 

9.83 

1.3335 

7/ 

862.510 

0.994 

0.996 

0.99128 0 

10.07 

3.4422 

73 

872. 700 

1.009 

1 .010 

0.992667 

10.30 

1.7731 

74 

881.500 

1.074 

1.026 

0.997888 

10.55 

2. 1132 

75 

886.300 

1.040 

1.041 

0.997939 

10.82 

2.4226 

26 

892.700 

1  .055 

1.052 

0.997693 

11.09 

2.5707 

27 

899. 590 

1.070 

1.071 

0.994855 

11.36 

2.9828 

;b 

904 .470 

1.086 

1 . 085 

0.9^3497 

11.47 

3.4555 

29 

909 . 870 

1.101 

1.105 

0.996029 

11.97 

3.9519 

30 

912.300 

1.116 

1.114 

0.993106 

12.29 

4.5034 

31 

915.600 

1.132 

1 . 1  30 

0.987859 

12.  64 

5.5187 

37 

919.550 

1.147 

1.154 

0.968923 

12.99 

0.2357 

33 

921.040 

1.163 

1.168 

0.950028 

13.38 

12.8307 

34 

922.400 

1.178 

1.186 

0.976202 

13.77 

10.3788 

35 

922.830 

1.193 

1  .  194 

0.96B65B 

14.17 

17.3192 

36 

973.110 

1.709 

1 . 200 

0.968514 

14.62 

19.3379 

37 

924.310 

1.724 

1.2  26 

0.943872 

15.07 

•  22.7784 

38 

975.350 

1.739 

1 . 250 

0.928974 

IS. 54 

39.  3231 

39 

925.650 

1.  255 

1.267 

0.9038  34 

16.07 

62.6396 

40 

925.750 

1.270 

1  .280 

0.768914 

16  .59 

170.4446 

41 

925.900 

1.785 

42 

925.940 

1.301 

43 

975.970 

1.368 

violates  ipccirer  stir  reauireventt 


Ptr  It  etprnert 


ion  of  intercept 
Ft r i r  coe fficlent 


-I?,  m 


43S7-T6,  M 


C-PV  -i-  •••  -l-  ‘ 

pmil  iully  legible  ieproauctwtt 


ivri 


47 


l 


; 


Vi  H  'A  'A  A  Li  L  <L  'A  TO  'A  TO  ' \W  vT  ’A’'.vv.%  W'k\\v  .v^N’^yi-x^  .-v  „->  .> 


•j»  1  '" 


? Ft  ci»nf  kc. 

Fua*  ■  225  LHF  Fmir  ■ 

B*0 . 1 22  in.  *  WA2.000  in 


45  LHt  k  •  0.700 
Creek  Correction  >0.000  in 


32 


A  A 
'>'.*■ 
'a'.’. 

-•.V- 


ftj 

ft 


kT  CYCLi 

#  C0t'N7 


1 

0.001 

2 

41 .900 

3 

86.920 

4 

128.710 

5 

764.600 

6 

193.110 

7 

223.530 

8 

261.630 

9 

296.550 

10 

326.090 

11 

356.880 

12 

393.570 

13 

419.920 

14 

443. 760 

15 

460.470 

16 

482.910 

17 

495.960 

18 

506.310 

19 

517.910 

20 

530.310 

21 

541.440 

22 

5  57.790 

23 

563.710 

24 

570.740 

25 

576.  190 

26 

583. 620 

27 

585.740 

28 

590 .4  30 

29 

595.140 

30 

600.430 

31 

601 .710 

32 

606.400 

33 

610.930 

34 

*13.330 

35 

614.550 

?f 

615.260 

37 

617.. 050 

38 

617.. 750 

39 

616.770 

4C 

<16.740 

41 

619.310 

42 

619.770 

43 

619.880 

44 

420.000 

45 

620. 230 

46 

620.760 

47 

6  2  0.790 

*-det»  vtcletec 


A-ccr 

in 


0.67? 
0.688 
0.704 
0.718 
0.734 
0.750 
0.765 
0.781 
0.786 
0.811 
0.877 
0.847 
0.857 
0.873 
0.888 
0.903 
0.919 
0  .934 
0  .949 
0.965 
0.980 
0.996 
1.01  1 
1.0  76 
1.047 
1.057 
1.077 
1.088 
1.10? 
1.1 18 
1.134 
1.149 
1.164 
1.180 
1.195 
1. 710 

1.176 
1.741 
1.157 

1.177 
1.787 
1.304 
1.319 
1.334 
1.350 
1.366 
1.383 


toeclrer  eite 


An  ra 
in 


0.770 
0.736 
0.749 
0.764 
0.781 
0.797 
0.810 
0.876 
0.843 
0.658 
0.873 
0.886 
0.906 
0.930 
0.933 
0.949 
0.965 
0.978 
1.001 
1.011 
1.036 
1.04  0 
1.06  7 
1.070 
1.085 
1 . 104 
1.134 
1.178 
1.147 
1.169 
1 . 186 
1.196 
1.704 
1  .231 
1.743 
1.35? 
1.270 
1.290 
1.313 
1.319 
1.330 


reauiieerrts 


P«rir  enoor.ert 


5.395 


HC 


Of  1 iri  da/nr 

651  cn  .uin/ry 


0.9989  34 

0.998167 

0.997544 

0.998870 

0.998705 

0.999452 

0.999477 

0.998619 

0.996696 

0.998343 

0.998311 

0.996096 

0.996187 

0.99699B 

0.996506 

0.999145 

0.996792 

0.997936 

0. 990450 

0.994632 

0.993107 

0.992675 

0 . 99  3766 

0.990924 

0.984295 

0.985849 

0.989408 

0.988267 

0.979289 

0.962685 

0.982357 

0.997253 

0.987)89 

0. 9B0454 

0.9886C8 

0. 997052 

0.989437 

0.971692 

0.978796 

0.978513 

0.957611 


6.63 

0.4236 

6.  97 

0.4422 

7.11 

0.4510 

7.75 

0.4667 

7. 41 

0.4660 

7.55 

0.4595 

7.71 

0.4695 

7.. 87 

0.5015 

8.03 

0. 5688 

6.20 

0.6297 

6.38 

0.7347 

6.56 

0.8537 

6.74 

1.04  31 

6.94 

1.1584 

9.1? 

1. 2266 

9.33 

1.2877 

9.  56 

1.3059 

9.  77 

1.3884 

10.02 

1.7700 

10.25 

1.9830 

10.49 

2.4430 

10.77 

2.8785 

11.03 

1. 2?29 

ll.il 

3.1799 

11.12 

3.566? 

11.97 

3.8531 

17.2? 

3.7959 

12.59 

3.9579 

12.93 

4.6317 

13.30 

6.6847 

13.70 

9. 0699 

14.11 

11.5280 

14.53 

13.3778 

15.00 

•  18.8020 

15.47 

23. 5222 

16.  00 

27.7014 

16.  53 

31.0999 

17.08 

44.9484 

17.75 

*7.4147 

18.37 

89.7755 

19.0? 

121.9091 

v£> 

yy 

V  V 


*"  .6 
5  "A 

S-' 

vV» 


r"1 


1 oq  cf  intercept 
k*rie  coefficient 


-1 1.097 

6.004*10“ 
A357-T6.  Y7 


-12. 000 


Copy  availoblo  io 

P*aaii  fully  legible 


reproduction 


A.1 

a’; 


s’. 


49 


'^y'r"n.y  ’ /iAn  '4,V>  v>>.v v  v.>  ^ 


6  “IV  1985 

KC. 

H3 

pt»i  •  300 

Lrt K  Pm i ft  • 

60  LOt  P  •  P.200 

*•0.12?  t ft. 

hO.OO]  in. 

Crac*  Ccrrectlcn  *O.OOC  tn 

» 

cvn  * 

C^l  K1 

A  -c<  r 
i  r 

A  -v  r  n 
i  r 

HC 

€.  r '  » ;  » 

HCJ  v'l 

r:/t  r 

t in/cy 

) 

0.001 

a.fsn 

J 

79  4  .  4  50 

0.705 

3 

444.150 

0.721 

4 

626.110 

0.736 

0. 74« 

0.9775CC 

9.31 

0.1973 

s 

6A&.6S0 

0.751 

0.76S 

0.889601 

9.49 

0.3784 

f 

?na.690 

0.767 

0.776 

0. 935677 

9.  69 

0.7977 

7 

7  IB. 310 

0.787 

0.781 

0 . 99  81 6  7 

9.88 

1.3617 

8 

.730.1  30 

0.797 

0.798 

0. 994353 

10.08 

1.7829 ' 

9 

738.790 

0.913 

0.814 

0.994897 

10. 79 

2.  1119 

10 

746.350 

0.878 

0.831 

0.996343 

10.50 

2.5603 

11 

749.730 

0.843 

0.939 

0.996263 

10.77 

2. 7904 

1? 

757.000 

0.859 

0.967 

Q.99S4fl6 

10.95 

3.1194 

13 

760.600 

0.874 

0.874 

0.995945 

11.18 

3.2251 

14 

764.760 

0.889 

0.887 

0.995758 

11.41 

3.1564 

15 

770.050 

0.905 

0  .706 

0.899050 

11.67 

3.2608 

16 

774. 5’C 

0.970 

0.919 

0.992159 

11.97 

3.3875 

17 

780.230 

0.936 

0.938 

0.977839 

12.20 

4.3471 

18 

784.640 

0.951 

0.9  59 

0.975734 

12.47 

6.6971 

19 

786. 290 

0.966 

0.969 

0.983789 

12.75 

9.5161 

20 

787.600 

0.987 

0.983 

0.987146 

13.06 

13.8638 

21 

768.970 

0.‘»O7 

) .  rn: 

0.989072 

13.36 

16.1965 

22 

789.700 

1.017 

1.015 

0.988  357 

13.67 

19.7088 

23 

790 . 04  0 

1.028 

1.02  2 

0.986870 

14.0? 

19.9460 

24 

790.910 

1.043 

1.04] 

0. 988705 

14.36 

23.1633 

25 

791.680 

1.058 

1.059 

0.978124 

14.7? 

27.0979 

26 

792.420 

1.074 

1.081 

0.974460 

15.11 

40.9093 

27 

797.730 

1.089 

1.093 

0.979754 

15.50 

60.8005 

28 

792.980 

1.105 

1.108 

0.997495 

15.93 

85.3400 

29 

793.120 

3.121 

1.120 

0.997574 

16.38 

104.7331 

30 

793.260 

1.136 

1.136 

0.978381 

16.82 

139.6186 

31 

793.400 

1.151 

1.  158 

0.9401B4 

17.29 

262.69  54 

32 

793.480 

1.167 

1.178 

0.976847 

17.81 

373.4934 

33 

791.490 

1.187 

34 

791.570 

1.276 

35 

791.640 

1.253 

•-data  violates  specimen  sire  r eop 1 r erert t 

Peril 

•  mrnertt 

9 .56* 

lcn  rf  Intercept 

-15.579 

Par  if 

cof  f  f  i  c  1  *  r.  t 

1.636 

•10* 

-16  OOP 

A3S7-T6, 

Copy 

available  so  L: .  u'  ,  .  .. 

P«rmit 

fully  legible  rer.iod-.ictcx. 

*  »»V  HAS 

si»ecJ*rn 

HO. 

Ll 

h*«  *  • 

225  LBr 

Prin  * 

45  LBr 

9  •  0. ?00 

B -0.1  20 

In.  **2. 

.001  III 

Cr  ac* 

Correction  *0.000 

in. 

PT 

CYC  LI 

A-f  Cl 

f*«  )  f  f  * 

I 

COUM 

In 

i  n 

HC 

R51  v  n 

i 

0.001 

0.677 

, 

34  ..‘■n 

0.6J1 

3 

48.740 

0.708 

4 

13«.270 

0.723 

0.725 

0. 995818 

6.96 

0.3991  L 

5 

,16  5.700 

0.734 

0.737 

0.991647 

7. 12 

0.3888) 

6 

201.200 

0.754 

0.754 

0.998750 

7 . 76 

0.4089 

7 

240.690 

0.770 

0.769 

0.498040 

7.42 

0.3668 

8 

784. 170 

0.78'. 

0 . 766 

0.999J43 

7.56 

0.3536 

9 

332.800 

0.800 

0.800 

0.998989 

7.71 

0.3475 

10 

376.070 

0.816 

0.815 

0.999772 

7.88 

0.3565 

11 

424.800 

0.831 

0.832 

0.998610 

a. 04 

0.3900 

12 

460.640 

0.846 

0.846 

0.997837 

8.70 

0.4408 

J  J 

498.500 

0.862 

0.86  3 

0.997769 

8.36 

0.5396  L 

14 

526.960 

0.877 

0.878 

0.998382 

8.56 

0.6486  “ 

15 

548.540 

0.892 

0.893 

0.998560 

8.74 

0.7868 

16 

567 .020 

0.908 

0.907 

0.994556 

8.94 

0.9963 

17 

584.740 

0.923 

0.926 

0.995935 

9.13 

1.2234 

18 

595.580 

0.938 

0.939 

0.996865 

9.33 

1.4125  • 

14 

603.350 

0.954 

0.950 

0.997127 

9.55 

1.5632  ' 

20 

614.990 

0.9  69 

0.971 

0.996685 

9.77 

1.6655 

21 

627.560 

0.984 

0.985 

0.996632 

9.99 

1.6582  f 

72 

630.240 

1.000 

0.997 

0.995845 

10.23 

1.6640  r 

23 

641.340 

1.015 

1.016 

0.995324 

10.48 

1.7543  1 

24 

651.970 

1.031 

1.033 

0.988616 

10.74 

2.0659  W 

25 

658.240 

1.046 

1.046 

0. 980995 

11.00 

2.7657  ' 

78 

665.640 

1  .061 

1.068 

0.985381 

11.78 

3.9650  , 

27 

668.250 

1.077 

1.078 

0.984053 

11.58 

4.146]  ; 

28 

670.700 

1.092 

1. 087 

0.983797 

11.88 

4.5234  * 

24 

673.  740 

1.107 

1.106 

0.982743 

12.  19 

5.4799  ; 

30 

678.040 

1.123 

1.179 

0.974f 10 

12.53 

7.5242  . 

31 

679.720 

1.138 

1.141 

0.988802 

17.87 

9.8444  k 

37 

681.010 

1.153 

1.153 

0.99607] 

13.  23 

11.5549  5 

13 

682.010 

1.169 

1 .166 

0.995415 

13.63 

13.3374 

34 

683.320 

1.184 

1 . 184 

0. 991690 

16.07 

16. 0770 

35 

684.470 

1.199 

1 . 704 

0. 986699 

14.43 

16.6443 

3f 

685.050 

1.235 

1.214 

0.982551 

14.90 

18.7529 

37 

685.630 

1.730 

1.226 

0.960401 

15.36 

,  22.5601 

38 

686  .920 

1. 246 

1.767 

0.909905 

15.87 

37.. 7133 

34 

687 .070 

1.761 

1.269 

0.862316 

16.  38 

76.  0305 

4b 

6r  7.230 

1.776 

1 . 286 

0.947439 

16.92 

171.3375 

41 

687.310 

1.792 

42 

687. 380 

1.308 

43 

687.380 

1.327 

wlol.tr.  .prcfrrr  dir  rroui rrmrrt c 

Par  i  t 

evncntnt 

6.287 

i <>■(  cf  Ir.tcrcrrt 

*11.997 

In  Ir 

corf  f iclrnt 

1.008 

•10* 

-12.000 

A357-T6. 

Ll 

8  *a\  1985 
fM.ClMPN  NC. 

Pm  -  225  LBF  P»ir  • 

8-0.121  in.  6i*2. 000  in. 


12 

45  LbP  f>  *  0.200 
Cract  Correctlrn  *0.000  in 


n 

« 

rvcL  i 

COUNT 

A-ce  r 

>r 

ro 

in 

MC 

c*r  1  t  n 

K5J  v  r 

iirtfty 

l 

0.001 

0.671 

2 

*2.  890 

0.686 

3 

130.900 

0.701 

4 

197.310 

0.717 

0.715 

0.997674 

6.87 

0.2077 

5 

295.200 

a. 732 

0.734 

0.996871 

7.01 

0.2077 

6 

364.700 

0.747 

0.747 

0.996669 

7.14 

0.2266 

? 

432. 550 

0.763 

0.763 

0.999385 

7  .  29 

0.2636* 

8 

'494.560 

0.778 

0.780 

0.995224 

7.4  4 

0.2692 

9 

540.920 

0.794 

0.79  3 

0.995482 

7 .60 

0.2850 

10 

583.980 

0.809 

0.806 

0.994924 

7.71 

0.3050 

]  ) 

655.150 

0  .824 

0.827 

0.992771 

7.90 

0.3430 

)  2 

694  .9  30 

0 .840 

0.840 

0.996616 

0  .06 

0.3848 

1  3 

732.150 

0.855 

0.855 

0.998335 

8.24 

0.4267 

14 

762.350 

0.870 

0.870 

0.999692 

8.41 

0.4566 

15 

796.970 

0.886 

0.886 

0.998751 

8.60 

0.4922 

16 

827.. 390 

0.901 

0.900 

0.994687 

8.78 

0. 56C1 

17 

859.590 

0.916 

0.919 

0.996333 

8  .97 

0.6653 

18 

881.720 

0.932 

0.934 

0.996736 

9.18 

0.7309 

19 

895.920 

0.947 

0.944 

0.996564 

9.  38 

0.8003 

20 

915.310 

0.962 

0.961 

0.994146 

9.59 

0.9342 

21 

936. 360 

0.978 

0.981 

0.994416 

9.83 

1.1066 

22 

940.250 

0.993 

0.994 

0.997986 

10.05 

1.2960 

23 

957.. 420 

1.008 

1.006 

0.998281 

10. 29 

1.5081 

24 

969.610 

1.024 

1.026 

0.998222 

10.55 

1.7922 

25 

97  7..  270 

1.039 

1.040 

0.998396 

10.80 

1.9467 

26 

984.100 

1.055 

1.053 

0.998052 

11 .09 

2.  19  57 

27 

991 . 100 

1.070 

1.070 

0.994795 

11.36 

2.  6015 

28 

990.080 

1.085 

1.089 

0.994355 

11.65 

2.8383 

29 

1002.460 

1.101 

1.101 

0.989753 

ll.«7 

3.3258 

30 

1005.730 

1.116 

1.112 

0.985035 

12.29 

3.8936 

31 

101  1  .990 

1.131 

1.140 

0.965140 

12.  62 

5.8604 

32 

1013.500 

1.147 

1.148 

0.057489 

1  2.99 

8.9414 

3  3 

1015.790 

1.162 

1.173 

0.96  5854 

13.  36 

15.3051 

34 

1016. 340 

1.177 

1.179 

0.975386 

13.74 

23.2226 

35 

1016.990 

1.193 

1  .  )  9  5 

0.994033 

14.17 

34.6124 

36 

101  7.400 

1.208 

1  .  209 

0.987784 

14.59 

46. 34  38 

37 

1017.790 

1.223 

1  .229 

0.976911 

15.04 

69.9567 

38 

1017.. 980 

1.239 

1.242 

0.985736 

15.54 

98.4429 

39 

1010.150 

1.255 

1 .259 

0.994410 

16.07 

'  126.  8556 

40 

1010.200 

1.270 

1 . 265 

0.990770 

16.  59 

142.2361 

41 

1010.340 

1.286 

1.288 

0.948474 

17.18 

217.2128 

42 

1010.440 

1.  301 

43 

1010.480 

1.  316 

44 

1010.510 

1.345 

•-data  violates  apeciaen  Eire  reouireeentt 
Pari*  eaocnert  7.. 607 

loa  cf  intercept  -13.362 

Peri*  coefficient  4.348*10* 

*357-76,  L2 


-14.000 


Copy  ovailul'ie  to  L' i 
permit  tuliy  tcgib..'  lepiodu.  -bofi. 


wth  raia,  da/drt ,  tin.  / oyo.  1 


Pair 


p  .  0.200 


8  Hay  1985 

FPtCIHlN  *<>• 

Fran  •  225  LBf 

8-0.120  in.  *-1.881  i«* 


L3 

4  5  LBF 

Crack  Correction  -0.000  in 


PI 

9 

or  l* 

COl  *7 

A -err 
ir 

A -5 )  m 

in 

wr 

Of  )  t.-  > 
r*  J  v  r- 

d»  /t  r 

f  J  n  /  c  y 

3 

0.001 

ft.  666 

/ 

61. 0«.0 

0.682 

3 

1  33.4  50 

0 . 697 

4 

196. 020 

0.712 

0.71? 

Q. 999)53 

6.93 

0.2261  l 

5 

>27  3,470 

0.728 

0.729 

0.998912 

7.07 

0.2308 

6 

327. 350 

0.743 

0.74) 

0.996237 

7 ..  ;i 

0.2413 

7 

403.850 

0.758 

0.7  59 

0.997614 

7.36 

0.2691 

8 

4  59.840 

0.774 

0.775 

0.998200 

7.5) 

0.2996 

9 

SOR .400 

0.789 

0.790 

0.995010 

7.66 

0.3024 

JO 

547.270 

0.904 

0.B03 

0.997787 

7  .8  2 

0.3138 

n 

5*2.980 

0.820 

0.818 

0.998005 

7.99 

0. 3167 

1  ? 

853. 130 

G.8  35 

0.036 

0.995923 

e.i5 

0.3214 

13 

702.9  30 

0  .850 

0.851 

0.998099 

8.32 

0.3386 

34 

748.870 

0.866 

0.866 

0.999663 

a. so 

0.3731 

15 

782.960 

0.881 

0.880 

0.999571 

8.68 

0.3994 

1 6 

824.790 

0.897 

0.897 

0.999455 

8.86 

0.4  38? 

17 

856.330 

0.912 

0.911 

0.998381 

9.07 

0.4828 

)P 

890.690 

0.927 

0.9  28 

0.9964C2 

9.27 

0.  5751 

19 

918.930 

0.943 

0.944 

0.995679 

9.49 

0.7244 

2c 

840.130 

0.958 

0.960 

0.998028 

9.70 

0.8784 

2) 

954.440 

0.973 

0.972 

0.997907 

9.9? 

0.9191 

2? 

968.720 

0.989 

0,987 

0.984619 

10.17 

1.1111 

}■> 

986.  300 

1.004 

1.007 

0.97734) 

10.40 

1.4734 

24 

*99.020 

1.019 

1.027 

0.982605 

10.65 

2.  0520 

25 

1001 .500 

1.035 

1.031 

0.987309 

10.93 

2.1182 

26 

1008.720 

1.050 

1.04  8 

0.987873 

11.20 

2.392? 

27 

101 4.450 

1.06  5 

1.064 

0.99)4)4 

11.48 

2.64  77 

28 

1021.640 

1.081 

1.082 

0.998543 

11.79 

2.8121 

79 

1026.930 

1.096 

1.097 

0.993948 

12.  10 

3.4220 

30 

1031.700 

1.112 

1.113 

0.995217 

12.44 

4.3729 

31 

1035.480 

1.127 

1.130 

0.995605 

12.78 

5.7468 

32 

1037.370 

1.142 

1.141 

0.99B123 

13.13 

6. 5744 

33 

1039.960 

1.158 

1.159 

0.998268 

13.53 

7.. 7453 

34 

1041.470 

1.173 

1.17? 

0.996980 

13.92 

8.7908 

35 

1043.400 

1.188 

1 .189 

0.997734 

14.33 

10.2926 

30 

1045.020 

1.204 

1.206 

0.983916 

14.79 

.  13.7053 

37 

1046.010 

1.219 

1.221 

0.962921 

15.24 

19.4746 

38 

1047.120 

1.734 

1.248 

0.941935 

15.7? 

31.8810 

38 

1047.340 

1.250 

1.256 

0.944636 

16.26 

58.2848 

40 

1047.520 

1  .  265 

1.264 

0.991056 

16.  79 

79.4461 

41 

1047.710 

1.780 

1.282 

0.99  3868 

17.36 

91.8324 

42 

1 0  4  7 . 6  20 

1 . 29  6 

1 . 29? 

0.981358 

18. 0C 

105.31  18 

43 

1048.060 

1.312 

1.322 

0.914458 

18.67 

185.3851 

44 

104ft. 140 

1.327 

4* 

1048.190 

1.743 

46 

1048.210 

1.372 

*-oata  violater  rnccirer  site  reoul rarentr 


Par i r  aaocnert 
Ion  cl  Intercept 
P.-  r  i  r  coc  f  f  l  (  krt 


0.7)0 

-12.585 

rc-ir' 

4  3  5  7  -  j  6  ,  L3 


-13.000 


57 


Co  Pf 


nvml-i  1.  to  •  ‘ ; 

tully  ieP‘ 


ixlucuon 


\  \  \  ,% 


BIBLIOGRAPHY 


Anonymous,  "Aluminum  Alloys  Can  Substantially  Reduce  Aircraft 
Construction  Costs,"  Aircraft  Engineering,  Vol  54,  No  4,  Issue  '>38, 
1982,  pp  15-17. 

Anonymous,  "Industry  Observer",  Aviation  Week  arid  Space  Technology, 
19  September  1983,  p  11. 

i.  B.  M.  Elsori,  "Dispenser  Modified  tor  Air-Launched  Cruise  Missile", 
Aviation  Week  and  Space  Technology,  2  April  1979,  pp  66-67. 

A.  Anonymous,  "Alcoa  Pushes  Sand  Casting  Techniques”,  Aviation  Week 
and  Space  Technology,  2  January  1984,  pp  49-50. 

K.  J.  Oswalt  and  0.  Ford,  "Manufacturing  Methods  for  Process 
Effects  on  Aluminum  Fasting  Allowables",  Air  Force  Wright  Aeronautical 
Laboratories  (AFWAL),  Materials  Laboratory  Contract  F33615-79-C-5116 , 
Report  Number  IR  268-9(1),  May  1981,  p  1. 

C .  W.J.  Shaw  and  1.  LeMay,  "Fatigue  Crack  Growth  Prediction  and 
intrinsic  Material  Scatter", "  Presented  at  the  Symposium  on  Statistical 
Analysis  of  Fatigue  Data,  American  Society  for  Testing  and  Materials, 
Pittsourgh,  PA,  October  1979. 

7.  A.  P.  Berens,  J.  P.  Gallagher  and  P.  VI.  Hovey,  "Statistics  of  Crack 
Growth",  Structural  Reliability  and  Damage  Assessment  Symposium  of  the 
f'inth  U.S.  National  Congress  of  Applied  Mechanics,  21-^5  June  1982. 

8.  0.  A.  Virkier,  l; .  N.  Flillbtrry,  P.  K.  Goel ,  "The  Statistical  Nature' 
■•>r  Fatigue  Crack  Propagation,"  Air  Force  of  Scientific  Research  Contract 

F0SR-76-3018,  Report.  Number  AFFDL-TR-78-43 ,  April  1978. 

A.  P.  Borens,  Private  Communication,  August  1985 

10.  j.  W.  Faber,  "R.st  Aluminum  Structures  Technology  (CAST), 
Techm  logy  Transfer  (Phase  VI)  Summary  Technical  Report,"  A  RIAL  Flight 
Dynamics  Laboratory  Contract.  F33615-76-C-31 1 1 ,  Report  Number 
AfWAL-TR-80-3020,  April  1980. 

•  1 .  P.  L.  McleRciri  and  f*.  M.  Tuttle,  "Hanufacturi  ng  Methodology 
I  ;.provement  for  Aluminum  Casting  Ouctil  ity,"  AFWAL  Materials  Laborntorv 
Contract  F33615-80-0-3209 ,  Report  Humber  AFWAL-TR-82-4135 ,  December 
1  98? . 

12.  "Cast  Aluminum  Structures  Technology  (CAST),  Technical  Bulletin  No. 
C,  Portable  Meta  I i ographi c  Technique  for  Determination  of  Dendrite  Arm 
'pacing  (DAS)  on  Castings,"  AFWAL  Materials  Laboratory  Contract  F33615- 
76-C-:nil,  June  1978,  p.8. 


Vv'tV-.V- 'V- '.'.AA  --.A, 


v, 


13.  R.  R.  Cervay,  "Automated  Fatigue  Crack  Growth  Data  Acquisition 
System  Evaluation,"  University  of  Dayton  Research  Institute  (IJDR1), 
Report  Number  UDR-TM-84-4? ,  November  1984. 

14.  H.  S.  Pearson  and  G.  J.  Gilbert,  "Automated  Crack  Growth  Testing  - 
Evaluation  of  a  Bonded  Foil  Crack-Gage  System,"  American  Society  for 
Testing  and  Materials  (ASTM)  Spring  Meeting  of  Committee  E-?4  on  Fral> 
ture  Testing  of  Metals,  16-20  March  1981. 

15.  ASTM  Standard  £647-83  Standard  Test  Method  for  Constant-Load- 
Amplitude  Fatigue  Crack  Growth  Rates  above  10"' m/cycle,  Vol  03.01,  1983. 

16.  ASTM  Standard  B557-81  Standard  Methods  of  Tension  Testing  Wrought 
and  Cast  Aluminum  and  Magnesium  Alloy  Products,  ASTM  Book  of  Standards 
Vol  03.01,  1983. 

17.  J.  D.  Tirpak,  "Fatigue  Crack  Growth  Testing  of  Cast  Aluminum  Alloy 
A367-T6,"  AFWAL  Materials  Laboratory  In-House,  Report  Number  MLS-84-37, 
April  1984. 

JR.  J.  D.  Tirpak,  Y.  Kim,  D.  Eylon,  Unpublished  work  1983. 

19.  J.  Leupp,  "The  Fracture  Characteristics  of  Aluminum  Cast  Alloys", 
Materjal  und  Technik,  No.  1.,  1983,  pp  5-10. 

30.  R.  J.  Stcfanak,  R.  W.  Hertzberg,  J.  Leupp,  and  R.  Jaccards, 

"On  the  Cyclic  Behavior  of  Cast  and  Extruded  Aluminum  Alloys,  Part  B: 
Fractcgraphy ,"  Engineering  Fracture  Mechanics,  Vol  17,  No  6,  1983,  pp 
541-554. 


'***'  n'nrnt  P.  nlmq  Office:  ,’980  /48  06 1 /6063  / 


60 


